INTRODUCTION
Cellular recognition of fibrillar extracellular matrix (ECM) molecules and soluble growth factors leads to localised compartmentalisation of cytoplasmic signalling and topological sensation of the extracellular microenvironment. Integrins are transmembrane adhesion receptors that transmit signals bidirectionally from ECM to the cytoskeleton. Sites of integrin-mediated ECM engagement serve as mechanochemical signalling nexuses integrating the extracellular microenvironment with the contractile machinery of the cell. Integrin-associated complexes (IACs) transmit mechanical forces bidirectionally across the membrane and act as signalling platforms to propagate membrane-distal signals. Thus, regulation of the dynamics of cell-matrix interactions, mechanosensation and mechanotransduction controls cell migration, microenvironment remodelling and global cell fate decisions 1 . However, crosstalk exists between integrins and growth factor receptors (GFRs), which spatially and temporally coordinates the functions of both receptor families.
Integrin-GFR crosstalk affects downstream processes such as migration, proliferation and apoptosis 2 ; key cell fate decisions that contribute to the maintenance of health and development of disease. Consequently, crosstalk between adhesion and growth factor receptors plays a critical role in tissue morphogenesis and repair, and aberrations contribute substantially to neoplastic progression and therapeutic response [2] [3] [4] . Despite this, little is known about the mechanisms that temporally and spatially orchestrate adhesion and GFR crosstalk.
Integrins provide positional cues and enable cells to respond to growth factor signals from the microenvironment, but the role of adhesion receptors is not passive 5 . Integrin-GFR crosstalk can be mediated by a diverse range of mechanisms affecting receptor expression, activity, signalling and trafficking 6 . Thus, adhesion receptor and GFR crosstalk provides mechanisms by which IACs, representing localised foci of mechanical and biochemical signal transduction, are co-ordinated spatially and temporally by GFRs. Equally, integrins can directly influence the subcellular distribution clustering and expression of GFRs 6 . In order to understand how integrins and GFRs regulate biological functions in complex microenvironments, it is necessary to study the complex relationship between the receptor families. However, until recently, it has not been possible to employ global proteomic analyses to dissect the complexity of integrin-GFR crosstalk mechanisms.
IACs comprise large stratified multi-molecular complexes recruited to the cytoplasmic domain of integrins and the integrin-proximal membrane environment, termed the integrin 'adhesome'.
Advances in adhesion isolation techniques and proteomics have enabled unbiased global analysis of adhesion signalling networks and revealed complexity that far exceeds candidatedriven approaches 1, [7] [8] [9] [10] [11] [12] [13] . These studies led to identification of thousands of integrin-associated proteins, compared with previous literature curated databases that estimated over 200 components 7, [14] [15] [16] . Meta-analysis of IAC proteomic datasets has provided further insight into the complexity of integrin-dependent signalling; leading to the definition of the consensus adhesome and meta-adhesome. The consensus adhesome represents 60 proteins that are consistently recruited to IACs and likely represent the core adhesion machinery. Whereas the meta-adhesome comprises 2,352 proteins that are more variably detected in IACs and may represent proteins that are cell or ECM context-dependent, highly dynamic, of low stoichiometry or labile 7 .
In this study, we employed proteomic analysis of signalling networks established at sites of cellmatrix interaction to identify mechanisms co-ordinating integrin-GFR crosstalk, and to determine the impact of integrin-GFR crosstalk on IAC composition. Network and ontological analysis of isolated IACs, following acute EGF stimulation, revealed an EGF-dependent decrease in adhesion regulatory proteins and co-ordinators of endocytosis, suggesting a mechanism of EGF-induced receptor endocytosis and adhesion complex turnover. Further analyses identified Eps8 as a key regulatory protein integrating α5β1 integrin and EGFR functions. We show that EGF stimulation promotes internalisation of both α5β1 and EGFR and that Eps8 constrains α5β1 and EGFR endocytosis in the absence of EGF stimulation.
Consequently, Eps8 is required for maintenance of adhesion complex organisation and for EGF-dependent adhesion complex disassembly. We further show that EGF stimulation activates the endocytic trafficking regulator, Rab5, and that Eps8 controls Rab5 activity. Thus, by co-ordinating α5β1 and EGFR trafficking mechanisms, Eps8 is able to control adhesion receptor and growth factor receptor bioavailability and function.
RESULTS AND DISCUSSION

Global analysis of integrin-EGFR crosstalk
To determine the impact of acute EGF stimulation on adhesion signalling, we have established IAC enrichment techniques, coupled with quantitative proteomic analysis, to identify rapid changes to adhesion complex composition following growth factor stimulation. Analysis of MAPK phosphorylation revealed that stimulation of mammary epithelial cells with EGF induced MAPK activation within 5 minutes ( Figure 1A ). Therefore 5 minutes acute EGF stimulation was selected as the timepoint for integrin-associated complex (IAC) enrichment. IACs were isolated from mammary epithelial cells using hypotonic water pressure following 5 minutes incubation with EGF or serum-free medium. Samples were validated by immunoblotting to ensure specificity of enrichment; i.e. isolation of β1 integrin, paxillin and phospho-Y416 Src, and absence of non-adhesion-specific proteins such as mtHSP70 ( Figure 1B) . Consistent with the notion that IAC isolation approaches enrich for both "intrinsic" and "associated" components of IACs 7, 16 , it is notable that active MAPK (pMAPK T202/Y204) was detected in isolated IACs following EGF stimulation.
Following sample validation, isolates were analysed by mass spectrometry. Total normalised ion abundance was quantified using Progenesis LC-MS. In both unstimulated and EGFstimulated conditions, total ion abundance was comparable and the distribution of the mean normalised abundance was very similar (data not shown); demonstrating equal loading between both IAC samples and equal mass spectrometry performance. Consequently, any change observed was therefore due to the effect of EGF stimulation and not unequal total protein amount. Proteins were quantified using Progenesis LC-MS by alignment of the corresponding chromatograms and the alignment quality of in-gel trypsin digested samples was good (Score: 96.6%-98.5%) indicating that equivalent peptide ion peaks could be reliably compared. Therefore, downstream analyses were performed using relative quantification of EGF-induced fold changes generated using the ion intensity measurements.
To gain an initial overview of the data, all identified proteins were mapped onto the curated consensus-and meta-adhesome 17 to determine the level of similarity, and disparity, between the new dataset and previously published IAC enrichment data ( Figure 1D ). Unlike previous IAC enrichment datasets, we used culture conditions that enable integrin-mediated engagement of a multiple ECM molecules. However, despite these differences, and the fact that IACs were isolated from epithelial cells, 68.3% of the consensus adhesome (41 proteins) was identified in the dataset. Moreover, 35.7% of the meta-adhesome (836 proteins) was detected. However, in addition to meta-adhesome components, a further 519 other proteins were isolated. This divergence could potentially be due to the complex nature of the ligand, enabling engagement of different integrin heterodimers, or due cellular context.
Identified proteins were subjected to KEGG pathway analysis ( Figure 1C ), Gene Ontology Enrichment Mapping ( Figure S1A ) and Gene Ontology clustering (Figure S1B/C). KEGG analysis analyses identified functional pathways that were enriched in the total dataset, including 'Ribosome', Proteasome', 'Focal adhesion', 'Regulation of actin cytoskeleton' and 'Endocytosis' ( Figure 1C ). Gene Ontology Enrichment Mapping and clustering demonstrated that EGF stimulation induced a significant decrease in the abundance of adhesion and cytoskeletal proteins (Figure S1A-C). This change was closely coupled to a decrease in endocytic proteins (cluster 4) and suggested a potential mechanism of receptor internalisation and adhesion turnover.
To highlight EGF-induced changes to specific proteins which mapped to the KEGG Pathway terms 'Focal adhesion', 'Regulation of actin cytoskeleton' and 'Endocytosis', proteins were plotted against their mean fold change ( Figure 1E ). The majority of proteins within these terms demonstrated a mean fold change below the overall mean, indicating EGF-dependent deenrichment (including integrins and EGFR). By contrast, extracellular proteins (including matrix proteins collagen, laminin and fibronectin and growth factors such as PDGFs) demonstrated very little change; suggesting that EGF-induced changes were specific to intracellular protein complexes. While adhesion complex, cytoskeletal and endocytic proteins consistently decreased following EGF stimulation, proteins that represented the 'Ribosome' KEGG pathway did not exhibit a consistent pattern of change, despite being highly enriched and overrepresented in the dataset.
We next analysed network topology, in order to identify putative proteins with novel roles in integrin and EGFR crosstalk ( Figure 2A ). Proteins that were potential binding partners of both β1 integrin and EGFR, based on reported interactions with both receptors within the PPI network, were identified and termed "one-hop intersect" proteins ( Figure 2A/B ). The majority of one-hop intersect proteins were well-characterised adhesion proteins such as talin, FAK (Ptk2), α5 integrin, Src and Lyn. The membrane proteins CD44 (hyaluronan receptor), CD82 (tetraspannin) and CD98 (Slc3A2, amino acid transporter) were also identified as intersecting proteins. Shc1 is a well-known downstream effector of EGF signalling 18 , and PKCα (Prkca) is a serine/threonine protein kinase that regulates a number of cellular signalling cascades 19 . As with the previous KEGG and Gene Ontology analysis, network analysis demonstrated that 11/13 one-hop intersect proteins demonstrated a substantial decrease in abundance following EGF stimulation.
Together, bioinformatic network and ontological analyses revealed a substantial decrease in the abundance of adhesion regulatory proteins and co-ordinators of endocytosis within 5 minutes of EGF stimulation. Given the overall decrease in proteins associated with Focal Adhesion, Regulation of Actin Cytoskeleton and Endocytosis KEGG terms, we reasoned that such a de-enrichment could be triggered by receptor internalisation and adhesion complex disassembly; a mechanism that would be consistent with EGF-induced receptor endocytosis and adhesion complex turnover. Therefore, we assessed whether any proteins identified within the one-hop intersect were associated with endocytic processes. While individual proteins within the one-hop intersect did not represent members of the Endocytosis Biological Process GO term or KEGG pathway, Eps8 was identified as a binding partner of RN-tre (Usp6nl) ( Figure   2C ). RN-tre is a GTPase-activating protein that forms a complex with Eps8 and functions as a negative regulator of Rab5 activity [20] [21] [22] [23] [24] .
Based on the EGF-dependent recruitment of Eps8 to adhesion sites, identification of endocytosis by GO and pathway analysis as a key EGF-dependent biological process at IACs, and the regulatory functions of, and binding partners associated with, Eps8, we identified Eps8 as putative regulator of EGFR and integrin crosstalk. Moreover, the inter-connectivity of Eps8 within the proteomic network indicated that Eps8 could have a functional role integrating growth factor mediated adhesion responses.
Interestingly, a related Eps8-family member, Eps8-like 2 (Eps8L2), was also identified in IACs and exhibited a similar level of de-enrichment following EGF stimulation. So Eps8L2 was also investigated further. However, it is notable that Eps8L2 was only identified in the two-hop intersect of α5β1 integrin and EGFR interactors and was not as inter-connected within the network as Eps8 ( Figure 2C ).
To validate the proteomic analyses, immunoblotting confirmed that Eps8 and Eps8L2 were enriched in isolated IACs and levels of detection were reduced following acute EGF stimulation.
Moreover, de-enrichment of the consensus adhesome protein, paxillin, was also triggered by EGF, confirming the reduction identified by mass spectrometry ( Figure 1E ; Gene name PXN;
Focal adhesion and Regulation of actin cytoskeleton KEGG pathways).
Having identified Eps8 as a putative regulatory protein in isolated IACs, indirect immunofluorescence was used to determine the subcellular distribution of Eps8. EpH4 and MEF cells were co-stained with Eps8, the canonical adhesion complex protein talin and phalloidin to assess Eps8 localisation to focal adhesions and actin, respectively. Fibroblasts were used in addition to EpH4 cells, as fibroblasts form robust load-bearing adhesion structures.
Co-localisation between Eps8 and talin was observed in both EpH4 and MEF cell lines ( Figure   3B /C), demonstrating that Eps8 is recruited to sites of cell-matrix interaction. However, while limited co-localisation was observed between Eps8 and Eps8L2, Eps8L2 was largely absent from talin-positive focal adhesion structures ( Figure 3D ). This observation was consistent with the reduced connectivity of Eps8L2 in isolated IACs and suggested that Eps8 may have more direct adhesion regulatory functions than Eps8L2. Initial proteomic analyses were performed using conditions that enabled engagement of a mixed ECM microenvironment, including collagens and fibrillar ECM macromolecules that were synthesised and/or remodelled by the cells. However, the only integrin heterodimer identified within the one-hop intersect was the fibronectin-binding integrin, a5b1 ( Figure 2B ). Moreover, the only ECM molecule identified within the one-hop intersect was fibronectin. Importantly, while levels of the a5 and b1 integrin subunits in IACs were reduced by EGF stimulation, the levels of fibronectin (Fn1) were unchanged ( Figure 2B ); suggesting that EGF stimulation did not reduce a5b1 levels in IACs by modulating the availability of ligand. So we sought to determine whether EGF stimulation regulated the subcellular distribution of a5b1 and Eps8.
Consistent with the ontological and network analyses (Figures 1/S1/2), EGF stimulation induced a rapid (with <5mins) loss of a5b1-containing adhesion complexes and redistribution of Eps8 from the cell periphery and adhesion sites ( Figures 3E/S2A ). This coincided with endocytosis of EGFR, but it is notable that a5b1 and EGFR did not appear to co-accumulate in endocytic vesicles. Interestingly, reformation of a5b1-dependent adhesion structures was observed 30-60 mins post-stimulation.
Eps8 constrains EGFR and α5β1 integrin internalisation
Ontological analysis suggested that endocytosis was a key biological process differentially regulated by EGF stimulation at IACs. While the direct effect of Eps8 on integrin internalisation has never been determined, Eps8 forms a complex with RN-tre that inhibits Rab5 and suppresses EGFR endocytosis 23 . The detection of both Eps8 and RN-tre in isolated IACs, and the role that RN-tre plays in Rab5-dependent heterodimer-specific integrin endocytosis 25 led us to consider whether Eps8 and Eps8L2 regulate integrin and/or EGFR trafficking. The EGFdependent de-enrichment of α5β1 in IACs, and the relationship between α5β1, Eps8 and RNtre in the proteomic networks suggested that the complex may have a role in α5β1 endocytosis.
To determine the effect of Eps8 on EGFR and integrin endocytosis, constitutive and EGFstimulated internalisation rates of EGFR and integrin α5β1 were assessed by biochemical endocytosis assays in control, Eps8 and Eps8L2 knockdown MEFs (Ctrl KD, Eps8 KD and Eps8L2 KD, respectively). Under unstimulated conditions, Ctrl KD cells exhibited low levels of constitutive endocytosis of both α5β1 and EGFR ( Figure 4A ). Stimulation with EGF increased the endocytosis of both α5β1 and EGFR; indicating a degree of co-regulation between the two receptors. However, Eps8 KD cells exhibited high levels of endocytosis of both α5β1 and EGFR, even in the absence of in the absence of EGF-stimulation. Thus, siRNA-mediated Eps8 knockdown increased constitutive endocytosis of both α5β1 and EGFR, to levels comparable to EGF stimulation of control cells. Indeed, stimulation with EGF in Eps8 KD cells slightly increased the rate of α5β1 and EGFR endocytosis relative to control knockdown ( Figure 4A ).
By contrast, Eps8L2 knockdown did not significantly affect either constitutive or ligand stimulated endocytosis of α5β1 or EGFR ( Figure 4B ). Together these data show that Eps8 regulates endocytosis of both α5β1 and EGFR and suggest that Eps8 functions to limit or constrain receptor internalisation in the absence of EGF stimulation. Consequently, EGF stimulation relieves Eps8-mediated inhibition of α5β1 and EGFR endocytosis. However, consistent with its distinct subcellular localisation ( Figure 3D ), Eps8L2 does not directly contribute to α5β1 and EGFR endocytosis.
Eps8 regulates EGF-mediated adhesion disassembly and Rab5 activity
Adhesion disassembly is closely linked to endocytosis, as dissociation of integrin-associated cytoskeletal components is required to permit formation of endocytic complexes and internalisation of integrins and associated proteins from the cell membrane 26, 27 . As Eps8 restricts integrin α5β1 and EGFR internalisation, we assessed whether Eps8 has a role in regulating the disassembly or remodelling of adhesions. Adhesion complex organisation was therefore assessed by immunofluorescence under basal and EGF-stimulated conditions with Rab5 is a trafficking regulatory small GTPase that plays key roles in receptor endocytosis and endosomal maturation. Rab5 has been implicated in both EGFR and integrin endocytosis [28] [29] [30] .
Rab5 has been reported to associate directly with integrins and promotes focal adhesion disassembly 30, 31 . Given that Eps8 regulates EGF-dependent adhesion disassembly, integrin and EGFR endocytosis, and forms a complex with the RabGAP, RN-tre 21, 22 , we assessed whether EGF stimulation directly regulates Rab5 activity and examined the impact that suppressing Eps8 has on Rab5. Stimulation of control cells with EGF induced rapid and substantial activation of Rab5 ( Figure 5A ); providing a mechanism by which EGF can trigger α5β1 integrin and EGFR endocytosis and drive adhesion disassembly ( Figure 4A /B/C &S2A).
However, siRNA knockdown of Eps8 enhanced basal levels of Rab5 activity ( Figure 5B ). These data are consistent with the ability of Eps8 to form a complex with the negative regulator of Rab5, RN-tre. to repress Rab5 activity 23 . Eps8 has the ability to directly bind integrin βsubunits 32 . So, as RN-tre was identified with Eps8 in isolated IACs and followed a similar pattern of de-enrichment following EGF stimulation ( Figure 2 ), it is possible that the integrin-binding capacity of Eps8 recruits RN-tre to IACs. Such a recruitment mechanism would enable spatial control of receptor trafficking mechanisms at sites of cell-matrix interaction; whereby Eps8 regulates localised RN-tre recruitment to sites of integrin-engagement, in order to limit Rab5 activity in the absence of a "disassembly signal" such as EGF stimulation. Such a mechanism suggests that IACs are primed for rapid endocytosis-mediated disassembly, but that this is prevented by local Eps8-dependent suppression of Rab5 activity.
It is important to note that, despite the fact that Eps8 KD cells exhibit high levels of basal Rab5 activity, EGF stimulation is able to regulate Rab5 activation in the absence of Eps8 ( Figure 5C ); inducing an initial suppression of Rab5 activity, followed by substantial Rab5 activation. Thus, while Eps8 serves to repress receptor endocytosis, this mechanism is de-coupled from the ability of EGF to directly stimulate Rab5 activity. This is consistent with our observation that, despite dysregulating EGFR endocytosis, Eps8 knockdown does not affect EGF-induced MAPK or Akt signalling ( Figure S3 ). In normal physiology, functional de-coupling of mechanisms that restrain and trigger endocytosis would be essential to enable precise spatiotemporal control of receptor engagement.
Role of Eps8 in EGF-dependent signalling and cytoskeletal dynamics
Eps8 has been linked to EGFR signalling, as overexpression of Eps8 increases cell proliferation in response to EGF 33 . As Eps8 regulates EGF-dependent Rab5 activity ( Figure 5A -C) and EGFR/integrin endocytosis ( Figure 4A ), and therefore receptor bioavailability, we assessed whether Eps8 regulated ligand-dependent EGFR downstream signalling. Phosphorylation of canonical downstream signalling effectors was assessed in response to EGF. However, following siRNA-mediated knockdown of Eps8 or Eps8L2, no significant effect was observed on phosphorylation of EGFR or its downstream targets ERK or Akt in response to EGF ( Figure   S3A -C). Consistent with Lanzetti et al. 23 , these data indicate that Eps8 and Eps8L2 do not have a direct role in regulating EGF-dependent EGFR downstream signalling.
Eps8 can form a complex with Abi1 and Sos1 to regulate Rac1 activity and actin dynamics.
Abi1 functions as a scaffold, linking Eps8 to the bifunctional Ras/Rac-GEF Sos1 23 . Eps8 association promotes Sos1 activity, and the tri-complex exhibits Rac-specific GEF activity 34 .
Therefore, we examined whether Eps8 regulated basal or EGF-dependent Rac1 activity.
However in MEFs, despite activating MAPK and Akt signalling, EGF stimulation did not induce transient activation of Rac1 activity and siRNA-mediated suppression of either Eps8 or Eps8L2 had no effect on basal or EGF-stimulated Rac1 activity ( Figure S3D ).
Together, these data indicate that Eps8 regulates EGF-dependent Rab5 activity and controls endocytosis of α5β1 and EGFR in MEFs. By contrast, Eps8 knockdown did not perturb either EGFR signalling or Rac1 activity. This is consistent with the notion that the Eps8-Abi1-Sos1 complex is regulated by RTK downstream signalling. PI3K is recruited to active RTKs and activated by Ras, to produce PIP3, which in turn activates Rac-GEFs including Sos1 35 .
We have identified a key role for Eps8 in the regulation of α5β1 and EGFR endocytosis and EGF-dependent adhesion turnover. Coordinated integrin endocytosis and recycling are required for spatiotemporal control of integrin-mediated adhesions and cytoskeletal dynamics, which is essential for membrane protrusion and retraction during cell migration 36, 37 . We therefore assessed the role of Eps8 in EGF-dependent control of cytoskeletal dynamics. Livecell imaging was used to quantitatively analyse membrane protrusion and retraction activity on Figure 5F ), demonstrating overall dynamics were unchanged and only directionality (i.e. protrusion vs contraction) was influenced. Thus, Eps8 is required to sustain membrane contractility in the absence of EGF and for EGF-dependent release of cellular contractility.
SUMMARY
In this study we employed a novel proteomic approach to dissect adhesion receptor-GFR crosstalk and identified a key regulatory mechanism controlling α5β1 integrin and EGFR functions. Analysis of adhesion signalling networks, following acute EGF stimulation, allowed a global and dynamic view of adhesion and growth factor receptor crosstalk to be assembled. Together, these data suggest that Eps8 is recruited to integrin-associated adhesion complexes and serves to restrict unchecked α5β1 and EGFR endocytosis. As such, Eps8 retains integrinmediated signalling complexes at the cell-matrix interface, yet has the capacity to respond rapidly to EGF stimulation to drive receptor internalisation, adhesion disassembly and reduce cellular contractility. We propose that during tissue morphogenesis and repair, Eps8 functions to spatially and temporally constrain endocytosis, and engagement, of α5β1 and EGFR in order to precisely co-ordinate adhesion disassembly, cytoskeletal dynamics and cell migration.
MATERIALS AND METHODS
Antibodies and reagents
All reagents were obtained from Sigma-Aldrich unless otherwise stated. Antibodies used for immunoblotting were mouse anti-Eps8 (BD Biosciences), rabbit anti-Eps8l2 (Proteintech Ltd.), rabbit anti-MAPK1 (Santa Cruz Biotechnology), rabbit anti-MAPK p44/42 T202/Y204 (Cell Signalling Technology), rabbit anti-ILK (Abcam), mouse anti-mitochondrial Hsp70 (Thermo Scientific Pierce), and mouse-anti Paxillin (BD Biosciences). Fluorophore-conjugated secondary antibodies for immunoblotting and immunofluorescence were from Life Technologies. Antibodies used for immunofluorescence were mouse anti-Eps8, mouse anti-Vinculin (Sigma-Aldrich), and Texas-Red Phalloidin (Life Technologies). Antibodies used for receptor internalisation assays were rat anti-α5 integrin (BD Biosciences), rat anti-β1 integrin (Millipore) and rabbit anti-EGFR (Genentech). 
Cell culture and transfection
Adhesion complex isolation
Adhesion complexes were isolated from EpH4 cells according to Jones et al. 38 , with some modifications. Briefly, tissue culture plates were coated with 10 μg/ml collagen-I from rat tail.
Prior to cell seeding, plates were washed with PBS, and blocked with 1% heat-denatured BSA (w/v from 99% stock) for 45 minutes-1 hour at RT. EpH4 cells seeded at 2-3x10 4 cells/cm 2 in DMEM/F12 containing 0.2% BSA, 5 ng/ml EGF and 5 μg/ml insulin for 16-18 hours. This prolonged period of incubation enabled the cells to synthesise and remodel a complex extracellular matrix. Cells were growth factor starved for a minimum of 4 hours in DMEM/F12. Cells were treated with 5ng/ml EGF or left untreated (serum-free medium, SFM) for 5 minutes at 37°C/5% CO2. Media was removed and adhesions isolated directly with hypotonic water pressure held ~1cm from the surface of the dish for 10-15 seconds per plate. Plates were washed immediately with ice-cold PBS and dried on ice for 1 minute. Excess liquid was removed and isolated adhesions were scraped into reducing sample buffer (RSB). Samples were denatured by heating to 95°C for 5 minutes. Proteins were precipitated in ice-cold acetone on dry-ice for a minimum of 3 hours. Precipitated samples were centrifuged at 16000g for 15 minutes at 4°C and washed three times with cold acetone. The resulting protein pellet was dried at room temperature (RT) and resuspended in the desired volume of RSB by shaking at 1400rpm for 30 minutes at 70°C followed by reduction for 5 minutes at 95°C. To load one SDS-PAGE gel, complexes were isolated from two 10cm dishes and resuspended in 35μl RSB prior to analysis by immunoblotting and mass spectrometry. 
SDS-PAGE and Immunoblotting
Mass spectrometry analysis
Receptor Internalisation Assays
Internalisation assays were performed as described previously 48 . High binding 96-well plates 2.5 mM H2O2) was added to each well and the absorbance read at 405nm at regular intervals prior to saturation of the signal. Percentage internalisation was expressed as a fraction of the total (non-reduced) cell surface label minus the background (reduced but not internalised) label.
Indirect immunofluorescence
Cells were fixed with 4% (w/v) paraformaldehyde (PBS (-), pH 6.9) for 20 minutes at room temperature, then washed three times in PBS (-). Cells were then permeabilized for 3-4 minutes with 0.1% (v/v) Triton X-100 at room temperature followed by three 0.1/0.1 buffer (PBS + 0.1% BSA, 0.1% sodium azide) washes. Primary antibody incubations were for 45 minutes at room temperature, followed by three washes in 0.1/0.1 buffer. Samples were incubated with secondary antibody, with or without phalloidin (1:400 in 0.1/0.1 buffer), for 45 minutes at room temperature protected from light. Samples were then washed twice in PBS (-) and once in Milli-Q water, before mounting with Prolong Gold anti-fade mountant (Molecular Probes Invitrogen) on glass Superfrost® Plus glass slides (Thermo Scientific).
Samples were imaged using the Zeiss 3i Marianas spinning disk confocal system using a 63x/1.4 oil objective. Downstream image processing was performed using Image J FIJI.
Rac1 activity assays
Rac1 activity was evaluated using a GST-PAK1-PBD (p21 binding domain) fusion protein beads. 24h after a second round of transfection with either All-star negative control, siEps8 or siEps8L2 MEFs were treated with EGF (10ng/ml) for 0, 5, 10, 20 min and lysed with ice cold lysis buffer (25mM Tris×HCl, pH 7.2, 150mM NaCl, 5mM MgCl2, 1% NP-40, 2.5% glycerol, 50 mM NaF, 1 mM Na3VO4, 0.5 mM AEBSF 2ug/ml aprotinin and 2ug/ml leupeptin). Lysates were clarified by centrifugation at 16,000 g, 4°C, for 15 min. 800 ug protein was incubated with GST-PAK1-PBD-immobilised beads with gentle rotation for 1h at 4°C. The beads were washed three times with lysis buffer followed by elution of bound proteins with 2x reducing sample buffer (125mM Tris×HCl, pH 6.8, 2% glycerol, 4% SDS (w/v) and 0.05% bromophenol blue, 5% βmercaptoethanol). Solubilised proteins were resolved by SDS-PAGE and levels of active Rac1 and total Rac1 proteins were analysed by immunoblotting.
Rab5 activity assays
MEFs were seeded at 8.9 x 10 4 cells/cm 2 and incubated overnight in full growth medium. Cells were serum-starved for 4 hours prior to stimulation with 10 ng/ml EGF for 0, 5, 10 and 20 mins. 
Generation of Cell-derived Matrices
Cell-derived matrices were produced by stimulating TIF fibroblasts to produce extracellular matrix, and subsequently removing the cellular material leaving the intact structure 49 . TIFs were detached with 1 x trypsin-EDTA as described and seeded at a concentration of 5 x 10 4 cells per well on the pre-treated coverslips. Cells were then cultured overnight at 37°C 8% CO2. If cells were sub-confluent at this stage, they were cultured longer until they reached confluence. The medium on confluent cells was changed to the same medium, supplemented with 50 μg/ml ascorbic acid. The ascorbic acid supplemented media was replaced every other day, until denudation. Ascorbic acid stimulates collagen production and stabilises the matrix.
Cells were cultured at 37°C, 8% CO2 for 8 days from the first ascorbic acid stimulation, prior to denudation.
On the day of denudation, medium was removed and cells were washed with PBS (-), before Prior to use, cell-derived matrices were washed twice in PBS (+) before blocking in heatdenatured BSA for 30 minutes at room temperature. Matrices were then washed in PBS (+) and equilibrated in the appropriate medium for the assay. Total Rac1
Cytoskeletal Dynamics Analysis
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